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Opposite polarities of ENSO drive 
distinct patterns of coral bleaching 
potentials in the southeast Indian 
Ocean
Ningning Zhang1,2, Ming Feng  1,3, Harry H. Hendon4, Alistair J. Hobday5 & Jens Zinke  6,7,8,9
Episodic anomalously warm sea surface temperature (SST) extremes, or marine heatwaves (MHWs), 
amplify ocean warming effects and may lead to severe impacts on marine ecosystems. MHW-induced 
coral bleaching events have been observed frequently in recent decades in the southeast Indian Ocean 
(SEIO), a region traditionally regarded to have resilience to global warming. In this study, we assess the 
contribution of El Niño-Southern Oscillation (ENSO) to MHWs across the mostly understudied reefs in 
the SEIO. We find that in extended summer months, the MHWs at tropical and subtropical reefs (divided 
at ~20°S) are driven by opposite ENSO polarities: MHWs are more likely to occur at the tropical reefs 
during eastern Pacific El Niño, driven by enhanced solar radiation and weaker Australian Monsoon, 
some likely alleviated by positive Indian Ocean Dipole events, and at the subtropical reefs during central 
Pacific La Niña, mainly caused by increased horizontal heat transport, and in some cases reinforced 
by local air-sea interactions. Madden-Julian Oscillations (MJO) also modulate the MHW occurrences. 
Projected future increases in ENSO and MJO intensity with greenhouse warming will enhance thermal 
stress across the SEIO. Implementing forecasting systems of MHWs can be used to anticipate future 
coral bleaching patterns and prepare management responses.
Acute disturbances to coral reefs and adjacent marine ecosystems are increasing in frequency and severity and 
altering coral cover and composition of marine benthic communities1–4. Episodic warm sea surface temperature 
(SST) extremes, termed marine heatwaves (MHWs), which are often associated with the most powerful climate 
phenomenon– El Niño-Southern Oscillation (ENSO)5, are among the most important environmental pressures 
that threaten the sustainability of coral reefs6–8. A large number of the world’s coral reefs were recently influ-
enced by one of the most severe El Niño events on record that lasted from early-2014 to mid-2016, dubbed the 
Godzilla-El Niño9, causing severe coral bleaching worldwide, including in regions previously considered resilient 
to these effects, such as the southeast Indian Ocean (SEIO)10.
The SEIO hosts a number of biodiverse coastal fringing and offshore oceanic atoll coral reefs4, 11 (Fig. 1a), and 
was considered to be under relatively low levels of duress from local human impacts and climate variability12, 13. 
In recent decades, however, the region has suffered from major coral bleaching events. During the 1997–98 El 
Niño event, the tropical Scott Reef was affected by extremely high thermal stresses of more than 13 degree heat-
ing weeks (DHW), causing 70–90% coral mortality6, 14. In contrast, the nearshore and most oceanic atoll reefs in 
the subtropical SEIO (south of 20°S) escaped bleaching during the 1997–98 event. During the 2010–11 La Niña, 
widespread coral bleaching was recorded across more than 12° of latitude south of the Montebello and Barrow 
Islands along the Western Australian (WA) coastline15–17. During the recent 2015–16 El Niño event, extremely 
high summer SSTs in the tropical SEIO (Fig. 1a) were reported to have caused 60–90% of the shallow coral 
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community to bleach through April 201610. These tropical-subtropical spatial contrasts suggest that bleaching 
response patterns in the SEIO are associated with opposite polarities of ENSO. In addition, SST anomalies asso-
ciated with other climate change modes like the Indian Ocean Dipole (IOD), Madden-Julian Oscillations (MJO) 
and Interdecadal Pacific Oscillation (IPO) can also dampen or exacerbate the ENSO thermal stress levels in the 
SEIO18–23. Some reefs in the SEIO experienced bleaching during both ENSO polarities, such as the Cocos Keeling 
Island24, 25.
There have been comprehensive studies of the subtropical SEIO MHWs, in term of the roles of remote tropical 
Pacific drivers and local air-sea interaction26–28, however, the research on the MHWs in the tropical SEIO is less 
comprehensive, except for some cases studies10, 29. There is still a lack of knowledge on how the SST at different 
coral reefs responds to the opposite polarities and different flavours of ENSO such as eastern and central Pacific 
ENSO (EP-type and CP-type ENSO). Impacts from the interplay of the IOD and the MJO also need to be clar-
ified. In this study, we investigate the SST response patterns to different polarities and flavours of ENSO in the 
extended austral summer season (December-April), when the SST are seasonally warmest and thus anomalies 
associated with ENSO can cause SST extremes. In particular, this study determines in which flavour and polarity 
of ENSO that MHWs preferentially occur and reveals the relative contributions of atmospheric and oceanic pro-
cesses responsible for these SST extremes. This insight can be used to predict future coral bleaching patterns and 
prepare management responses30.
Results
Partial correlation patterns show that SST variations in the tropical region of the SEIO are better correlated to 
ENSO variations that have maximum amplitude in the eastern Pacific, commonly referred to as EP-type ENSO or 
canonical ENSO31, 32. On the other hand, SST variations in the subtropical region of the SEIO are better correlated 
to ENSO variations that have maximum amplitude in the central Pacific, commonly referred to as CP-type ENSO, 
or ENSO Modoki31, 32 (Supplementary Fig. S1). Hence, we define El Niño and La Niña years based on EP-type El 
Niño and CP-type La Niña, respectively. Meanwhile we should note that these two types of ENSO are not com-
pletely independent of each other.
In the developing year of an El Niño, SST anomalies in the Indian Ocean are indicative of positive IOD events, 
which often develop during austral winter/spring in conjunction with El Niño33 (Supplementary Table S1, 2015 is 
defined as a neutral IOD year as the IOD eastern pole is used to define the IOD events), and cold SST anomalies 
appear off northern Australia (Fig. 1b,c). As El Niño matures in austral summer, SST anomalies off northern 
Figure 1. (a) Averaged SST anomalies in the SEIO during December 2015-April 2016. Stars denote locations 
of representative SEIO reefs. (b–e) Composited SST anomalies for the El Niño events during January 1982-
April 2015 and (f–i) for the La Niña events in the same time period. The white contours and dots indicate 
anomalies exceeding the 95% significance level based on a two-tailed Student’s t test. JJA = June to August, 
SON = September to November, DJF = December to February of year 1, MAM = March to May of year 
1. Figures are plotted using MATLAB R2015b (http://www.mathworks.com/). The maps in this figure are 
generated by MATLAB R2015b with M_Map (a mapping package, http://www.eos.ubc.ca/~rich/map.html).
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Australia switch to positive, and then strengthen and expand to a large tropical region during the autumn 
(Fig. 1d,e). Cold SST anomalies persist southward of 20°S along the WA coast. After removing the El Niño effects, 
a positive IOD event causes significant cold SST anomalies of more than 0.4 °C/°C in tropical SEIO in preceding 
austral winter and at some tropical places last in the preceding spring (Fig. S2). Although an IOD event may not 
have direct effects on the summer SST anomalies in the tropical SEIO (Fig. S2), it may precondition the cou-
pled air-sea processes that drive the SST anomalies and thus may alleviate the warming extent in summer when 
co-occurs with an El Niño event (Supplementary Fig. S2).
During La Niña, positive SST anomalies first establish off the northwest coast of Australia during winter 
and spring, and then shift southward down the coast during austral summer, with notably high SST anomalies 
southward of 20°S at the mature phase of La Niña (Fig. 1f–i). Lower than normal SSTs occupy the northern coast 
in summer.
Among 10 representative tropical/subtropical reef sites in the SEIO (Fig. 1a), those located in the tropics (CKI, 
CI, AR, SR, KIM and RS) tend to have positive SST anomalies in the extended austral summer months during El 
Niño; whereas those in the subtropics (MBI, NIN, SB and HAI) tend to have positive SST anomalies in austral 
summer months during La Niña (Fig. 2a–j). The magnitude of anomalous warming varies with the intensity of 
each event and is influenced by intraseasonal variations (Supplementary Fig. S3). Positive SST anomalies also 
occur at the CKI in early summer during La Niña, which makes it susceptible to coral bleaching during both 
polarities of ENSO. An asymmetry exists between the magnitudes of positive SST anomalies caused by opposite 
polarities of ENSO: positive SST anomalies at the tropical reefs during El Niño are usually weaker than those at 
the subtropical reefs during La Niña.
Summer SST anomalies at the Scott Reef are positively correlated with the November-January averaged Niño3 
index (correlation coefficient r = 0.5), and the SST anomalies show a warming tendency, with a maximum reach-
ing more than 1 °C in the summer of 2015/16 (Figs 2 and S4a). Conversely, the summer SST anomalies at the 
Ningaloo Reef are negatively correlated with the Niño4 index (correlation coefficient r = −0.68), and all the La 
Niña years are associated with positive SST anomalies, with a maximum reaching 2 °C in 2010–11 (Figs 2l and 
S4b). The 2010–11 Ningaloo Niño MHW was associated with an extraordinarily strong La Niña in the Pacific 
Ocean and amplified by local air-sea coupling16, 26, and was followed by another two warmer than normal sum-
mers (Fig. 2), causing severe coral bleaching events in the region15–17. The SST anomaly series at the Ningaloo 
Reef also have significant decadal variation, with more warming events after the 1997–98 El Niño (Fig. 2), in 
conjunction with a phase shift of the IPO towards a cold phase that acts to promote warm conditions off the WA 
coast21, 22, 27, 34.
Composite patterns may smooth out intense short-term events, such that the MHW event at the Scott Reef 
in 1997–98 was not well captured by the seasonally averaged SST anomalies (Figs 2 and S4a). To characterise 
sub-seasonal features, we quantify episodic MHW events using daily data, defined as periods when surface tem-
peratures are warmer than the 90th percentile and last for five or more days based on a 30-year historical baseline 
period35.
At the Scott Reef, the longest MHW event (28 days) occurred during March-April 1998, with a mean intensity 
of 1.63 °C (Fig. 3a) and a cumulative intensity of 46 °C·days (equal to 6.6 DHWs; Supplementary Table S1). The 
cumulative intensity is similar to DHW, which is frequently used to monitor coral bleaching, and a value of 4 
DHWs could cause bleaching to occur36. In the recent 2015–16 El Niño, frequent MHW events with both long 
Figure 2. (a–j) Composite SST anomalies during El Niño and La Niña events at ten selected reefs. The error 
bars denote 95% confidence intervals. (k) Time series of standardised SST anomaly averaged in extended 
summer months (December-April) at the Scott reef and standardised November-January averaged Niño 3 
index; (l) time series of standardised SST anomaly averaged in extended summer months (December-April) at 
the Ningaloo reef, standardised Niño4 index and IPO index. The red (blue) stars in (k,l) denote the developing 
years of El Niño (La Niña). Figures are plotted using MATLAB R2015b (http://www.mathworks.com/).
www.nature.com/scientificreports/
4Scientific RepoRts | 7: 2443  | DOI:10.1038/s41598-017-02688-y
durations and strong intensities occurred across all the tropical sites, in sharp contrast to almost none at the sub-
tropical sites (Supplementary Table S1; Figs 3 and S5). On the other hand, at the Ningaloo Reef, the MHW events 
were mostly associated with La Niña events (Fig. 3b), such as during the 1998–99, 2007–08, 2010–12 La Niña 
events. The longest MHW at the Ningaloo Reef developed from September 2010 through January 2011 and then 
was followed by another MHW event lasting for almost a month in February 2011, amounting to a total cumula-
tive intensity of 361 °C·days in the extended summer months (Supplementary Table S1). Overall, there were also 
increasing frequencies of short-term MHWs during 1982–2016 (Fig. 3a,b).
The MHWs at opposite ENSO polarities show distinct contrasts between the tropical and subtropical reefs 
(Fig. 3c–e). For the tropical reefs, the frequency, MHW days, and cumulative intensity are all higher during El 
Niño; while for the subtropical reef sites, these properties are significantly higher during La Niña. However, the 
duration and mean intensity of individual events do not show such contrasts for opposite polarities of ENSO 
(Supplementary Fig. S6).
Anomalous warm conditions at the tropical reefs are mainly caused by local atmospheric forcing in responses 
to the EP-type El Niño teleconnection, which increases surface heat flux into the ocean33 (Fig. 4a1–f1), whereas 
warm conditions at the subtropical reefs were mainly attributed to oceanic processes such as increased horizontal 
heat advection26, 27, 37 (Fig. 4a2–f2).
The increase of surface heat flux in the tropical SEIO during El Niño is mainly due to shortwave radiation 
and latent heat anomalies (Supplementary Fig. S7), stemming from the variation of the Walker circulation33, 38. 
During El Niño, the eastward displacement of the ascending branch of the Walker circulation in the Pacific results 
in less convective cloud coverage over the Maritime Continent and eastern tropical Indian Ocean, as indicated 
by positive outgoing longwave radiation anomalies (OLR, Fig. 5b,e), thereby increasing the incident shortwave 
radiation by more than 15 Wm−2 in the tropical SEIO (Supplementary Fig. S7)39. This reduced convection acts 
to enhance the trade winds across the tropical SEIO. And onset of the Australian summer monsoon is delayed 
and weakened40 (Fig. 5g,h). In the tropical region off the south coast of Java-Lesser Sunda Islands, the anomalous 
easterlies during El Niño years thus acts to increase latent heat loss and promote cooling in the pre-monsoon sea-
son (spring), but act to promote warming during summer once the monsoon onsets38–40 (Supplementary Fig. S7). 
Modification of the Walker circulation caused by EP-type ENSO can extend to tropical region of the SEIO, while 
the variation centres of convection for CP-type ENSO are mainly limited within the tropical Pacific region, so SST 
variability in the SEIO is more closely correlated to the EP-type El Niño31, 32.
The subtropical MHWs, the “Ningaloo Niño”, is closely tied to the variability of the Leeuwin Current (LC). 
The LC flows against the prevailing southerly wind along the west coast of Australia26–28, 41. The LC is affected by 
ENSO from the western Pacific via coastal Kelvin waves: transport decreases (increases) in El Niño (La Niña) 
years26, 27, 41 bringing less (more) heat southward, thus decreasing (increasing) the local SST. The LC variations 
appear to be more sensitive to the SST gradient between the Niño4 region and western tropical Pacific7, 42, thus 
SST variations in the subtropical region of the SEIO are more closely related to the CP-type ENSO. In addition 
to the response to remote forcing from the Pacific, amplification of the LC transport and coastal downwelling 
due to the collapse of the southerly winds also enhances warming off the WA in some years26–28, 43. During the 
Figure 3. (a,b) Duration (bars) and mean intensity (dots) of MHW events peaking in extended summer 
months (December-April) at the Scott and Ningaloo reefs, respectively. The time axis corresponds to the 
peak month of each MHW event. The red (blue) stars denote the developing years of El Niño (La Niña). (c–g) 
Composited characteristics of MHW events at the 10 reefs in the extended summer months (December-April) 
of El Niño and La Niña events. The error bars denote 95% confidence intervals. Figures are plotted using 
MATLAB R2015b (http://www.mathworks.com/).
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locally-amplified Ningaloo Niño, such as in years 2010–11 and 2011–12, cyclonic wind anomalies developed 
to the northwest of Australia in September (Supplementary Fig. S8), and extended south-eastward in summer, 
reducing wind speed and evaporation related heat loss (Supplementary Fig. S8), and inducing coastal down-
welling anomalies, thus reinforcing the positive SST anomalies27, 28, 37, 43. The MHWs at the subtropical reefs in 
these two years were unusually strong and long-lasting (Fig. 3, Supplementary Table S1, Supplementary Fig. S5).
MJOs also affect SST variations in the SEIO by modulating the local atmospheric conditions20, 44. A clear 
MJO-footprint can be seen from the distributions of MHW peaks in different MJO phases (Fig. 6). At the tropical 
reefs such as the Ashmore and Scott Reefs, there tend to be more MHWs peaking at MJO phases 2–5 and less 
in the other phases. Phases 2–5 coincide with suppressed convection, anomalous heat flux into the ocean and 
Ekman-induced downwelling off the northwest Australian shelf, thus increasing the local SST20. The other phases 
of the MJO (active convection) are associated with surface heat flux cooling and Ekman-induced upwelling20, 
thus were not favourable for MHWs. For the subtropical reefs, such as the Ningaloo Reef and Shark Bay, there 
tend to be more MHWs peaking in MJO phase 3–6, although the modulation is weaker than for the northern 
reefs because the MJO has its biggest impacts near the equator. The increased MHWs in phases 3–6 stems from 
the accumulation of warm water off the northwest Australian shelf, which triggers southward propagating Kelvin 
waves that increase the LC heat transport20.
Discussion
In the tropical region of the SEIO, strong MHWs often tend to occur in extended summer months during EP-type 
El Niño, modulated by preceding cooling in winter and spring when positive IOD events co-occur; while in sub-
tropical region, long-lasting and strong MHWs tend to occur in extended summer months during CP-type La 
Niña. In both regions, there tend to be more MHWs in the suppressed convection phases of MJO. In response 
to increasing greenhouse gases, extreme El Niño and La Niña events are projected to increase45–47. MJOs are 
also projected to be more active under global warming48, 49. Thus, there will be increased likelihood of MHW 
disturbances in the SEIO, posing greater threat to the ecosystem. The IOD events are normally phase locked with 
Figure 4. (a1–f1) Mixed layer heat budget terms during spring (SON) and summer (DJF) for El Niño events, 
and (a2–f2) for La Niña events. SON = September to November, DJF = December to February. Figures are 
plotted using MATLAB R2015b (http://www.mathworks.com/). The maps in this figure are generated by 
MATLAB R2015b with M_Map (a mapping package, http://www.eos.ubc.ca/~rich/map.html).
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austral winter and spring, but there are also intrinsic IOD events that mature earlier in austral winter50, 51. Further 
research is needed to distinguish the effects of different types of IOD events on MHWs in the SEIO.
Our work shows that under the influence of different flavours of ENSO, and modified by other climate modes 
like IOD, MJO, IPO and local air-sea interactions, the coral bleaching potentials vary across the SEIO, and may 
occur more frequently in a warming world52, 53. Performances of both dynamical and statistical prediction models 
suggest that ENSO predictive skills have been improving, implying predictability of ENSO-induced variabilities 
such as MHWs37. For instance, the Predictive Ocean Atmosphere Model for Australia (POAMA) well predicted 
the patterns of SST and sea surface height (SSH) anomalies in March 201654), providing the possibility to predict 
increased risk of MHWs at least one season ahead. Such a lead time can allow time to plan for deployment of 
monitoring activities30 and help as an early warning system for potential bleaching55. Forecasting MHWs can also 
reduce coral recovery times by extending the time available to implement ways to mitigate local scale stress from 
human-related activities at severely impacted sites, such as restrictions of fishing or tourism activities. In future, 
seasonal forecasts can also be used to support preparation of active interventions that require long lead times, 
such as predator control programs (e.g. removal of crown of thorns) or out-planting of new coral propagules, 
which may enhance reef resilience in the face of a changing climate.
Data
The NOAA 1/4° daily optimally interpolated SST (OISST) data for January 1st 1982-May 31st 2016 used in this 
analysis are acquired from NOAA’s National Centers for Environmental Information (NCEI) at https://www.
ncdc.noaa.gov/oisst/data-access. The Niño 3 and Niño 4 indexes are obtained from the Ocean Observations Panel 
for Climate (OOPC). The IPO index is obtained from the NOAA’s Earth System Research Laboratory (http://
www.esrl.noaa.gov/psd/data/timeseries/IPOTPI/)56. The Real-time Multivariate MJO series (RMM) are obtained 
from the International Research Institute (IRI) for Climate and Society Data Library (http://iridl.ldeo.columbia.
edu/SOURCES/.BoM/.MJO/.RMM/). The same 8 phases defined by Wheeler and Hendon (2004) are used57. The 
925 hPa and 850 hPa winds are obtained from NCEP Reanalysis 2 data provided by the NOAA/OAR/ESRL PSD, 
Boulder, Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd/, for the period January 1982- April 
Figure 5. (a–f) Climatological mean, anomalous 925 hPa wind (arrows) and OLR anomalies (shaded) during 
spring and summer of opposite ENSO polarities. Anomalies exceeding the 90% significant level based on a two-
tailed Student’s t test are displayed (black arrows for significant wind anomalies and grey for insignificant ones). 
The cyan box in (d) indicates the region where the Australian monsoon index is defined. (g) The composites of 
the Australian monsoon wind index. The red and blue circles are onset dates of Australian summer monsoon 
during El Niño and La Niña respectively. The shadows denote corresponding 95% confidence intervals. (h) 
Lagged regression of 850 hPa zonal component of wind and wind speed averaged in the box indicated in 
(g) onto Niño3 index in January and seasonal cycle of 850 hPa zonal component of wind averaged in the 
box. Figures are plotted using MATLAB R2015b (http://www.mathworks.com/). The maps in this figure are 
generated by MATLAB R2015b with M_Map (a mapping package, http://www.eos.ubc.ca/~rich/map.html).
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201658. The NOAA interpolated outgoing longwave radiation (OLR) are used as proxy for cloud cover. Heat fluxes 
from the ERA-Interim reanalysis during January 1982- March 2016 are used to conduct temperature budget 
analyses in the upper 50 m59.
Methods
10 representative tropical/subtropical reef sites in the SEIO are selected for this study: the Cocos Keeling Island 
(CKI), Christmas Island (CI), Ashmore Reef (AR), Scott Reef (SR), Kimberley (KIM), Rowley Shoals (RS), 
Montebello and Barrow Islands (MBI), Ningaloo Reef (NIN), Shark Bay (SB) and Houtman Abrolhos Island 
(HAI) (Fig. 1a).
Definition of El Niño and La Niña years. The Niño 3 and Niño 4 indexes are used to identify the EP-type 
El Niño and CP-type La Niña events, respectively (Supplementary Table S1), since the summer SST variations in 
the tropical and subtropical SEIO were sensitive to the SST anomalies in the eastern and central equatorial Pacific 
respectively7, 27, 53 (Supplementary Fig. S1).
The El Niño years are defined using the Niño3 index, following NOAA tradition, as when the running 
3-month mean SST anomaly in the Niño3 region are above 0.5 °C for at least 5 consecutive months; the La Niña 
years are identified when the running 3-month mean SST anomaly in the Niño4 region are below −0.5 °C for at 
least 5 consecutive months.
Definition of a marine heatwave event. A marine heatwave event is defined as a discrete prolonged 
anomalously warm water event in a particular location35. The relative baseline climatology is defined using all 
data within an 11-day window centered on the time of year with a period of 30 years and then a high percentile 
threshold (90% in our paper) is used to obtain the threshold value. A percentile threshold rather than an absolute 
value above the climatology is used since the magnitude of SST variability varies by different regions. “Prolonged” 
means a MHW must last more than 5 days and “discrete” means two events with a gap of 2 days or less will be 
considered as a continuous event. The MHW days in this paper are the number of days that anomalous warming 
happens in the austral summer period (December-April), and cumulative intensity is the integral of intensity over 
the duration of the event.
Mixed-layer temperature budget. The temperature budget in the upper layer can be estimated from the 
following equation60,
ρ
∂
∂
=
−
+
T
t
Q q
C h
Residual
(1)
d
p u
0
where T is the SST, ρ is the reference density (1026 kg m−3), Cp is the specific heat capacity of seawater (4000 J kg−1 
K−1), and hu is the upper layer depth (designated to 50 m). The terms in equation (1) are referred to as the SST ten-
dency, surface heat flux, and residual, respectively. The residual term includes the effects of horizontal advection 
and entrainment, mostly dominated by advection in our study area.
Figure 6. Distribution of the MHW peaks in extended summer months as a function of MJO phases at (a) the 
tropical Ashmore (circles) and Scott Reefs (stars) and (b) subtropical Ningaloo Reef (circles) and Shark Bay 
(stars). The percentages stand for the proportions of MHW peaks in that phase of strong MJO and are boxed 
in red (blue) where they are significantly greater (less) than the average occurrence (8.3%). Only MHWs with 
duration of less than 20 days are shown. Figures are plotted using MATLAB R2015b (http://www.mathworks.
com/).
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Q0 is the net surface heat flux, including the shortwave radiation, longwave radiation, latent and sensible heat 
flux:
= + + +Q SW LW LH SH,0
qd is the downward radiative flux across the upper layer, which is estimated as
=
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where SW is shortwave radiative heat flux; R, r1 and r2 are coefficients that depend on water turbidity, which are 
selected to be 0.58, 0.35 and 23 here60.
Australian monsoon index and coastal wind index. The Australian monsoon is described by the 
Australian monsoon index (AUSMI), which is defined as 850 hPa zonal wind averaged over the area (5°S–15°S, 
110°E–130°E)28. The onset date of the Australian summer monsoon is defined followed the criteria of Kajikawa et 
al.38. The coastal wind index (CWI) is defined as the 925 hPa meridional wind anomalies averaged over the region 
108°E to the coast, 28° to 22°S in austral summer (December-February)28. It defines whether or not there are 
significant northerly wind anomalies off the WA coast28. According to the CWI, the ten La Niña events since 1982 
can be classified into two types– locally amplified and non-locally amplified modes28, 37, 43. For the non-locally 
amplified mode, there were no significant alongshore wind anomalies thus no contribution to the warming off 
the WA (Supplementary Fig. S8). The local alongshore wind anomalies were indicated to be largely affected by the 
Australian summer monsoon and Southern Annular Mode (SAM), and anomalous northerly alongshore winds 
in the locally amplified mode were often accompanied by weaker Australian summer monsoon compared to the 
non-locally amplified mode and positive SAM28, 43.
References
 1. Hoegh-Guldberg, O. et al. Coral reefs under rapid climate change and ocean acidification. Science. 318, 1737–1742, doi:10.1126/
science.1152509 (2007).
 2. Hughes, T. P., Graham, N. A., Jackson, J. B., Mumby, P. J. & Steneck, R. S. Rising to the challenge of sustaining coral reef resilience. 
Trends Ecol. Evol. 25, 633–642, doi:10.1016/j.tree.2010.07.011 (2010).
 3. Kerswell, A. P. Biodiversity patterns of benthic marine algae. Ecology. 87, 2479–2488, doi:10.1890/0012-9658 (2006).
 4. Wernberg, T. et al. An extreme climatic event alters marine ecosystem structure in a global biodiversity hotspot. Nat. Clim. Change. 
3, 78–82, doi:10.1038/nclimate1627 (2013).
 5. McPhaden, M. J., Zebiak, S. E. & Glantz, M. H. ENSO as an integrating concept in earth science. Science. 314, 1739–1745, 
doi:10.1126/science.1132588 (2006).
 6. Gilmour, J. P., Smith, L. D., Heyward, A. J., Baird, A. H. & Pratchett, M. S. Recovery of an isolated coral reef system following severe 
disturbance. Science. 340, 69–71, doi:10.1126/science.1232310 (2013).
 7. Zinke, J. et al. Coral record of southeast Indian Ocean marine heatwaves with intensified Western Pacific temperature gradient. Nat. 
Commun. 6, 8562, doi:10.1038/ncomms9562 (2015).
 8. Lough, J. M., Cantin, N., Benthuysen, J. & Cooper, T. Environmental drivers of growth in massive porites corals over 16 degrees of 
latitude along Australia’s northwest shelf. Limnol. Oceanogr. 61, 684–700, doi:10.1002/lno.10244 (2016).
 9. Kintisch, E. How a “Godzilla” El Niño shook up weather forecasts. Science. 352, 1501–1502, doi:10.1126/science.352.6293.1501 
(2016).
 10. Australian Institute of Marine Sciences, AIMS northwest Australian coral bleaching update http://www.aims.gov.au/docs/media/
latest-news/-/asset_publisher/EnA5gMcJvXjd/content/aims-northwest-australia-coral-bleaching-update (May 2016).
 11. Veron, J. E. N. & Marsh, L. M. Hermatypic corals of Western Australia: records and annotated species list. Records of the Western 
Australian Museum. Supplement. 29, 1–136 (1988).
 12. Halford, A. R. & Caley, M. J. Towards an understanding of resilience in isolated coral reefs. Global Change Biol. 15, 3031–3045, 
doi:10.1111/j.1365-2486.2009.01972.x (2009).
 13. Speed, C. W. et al. Dynamic stability of coral reefs on the west Australian coast. PLoS ONE. 8, e69863, doi:10.1371/journal.
pone.0069863 (2013).
 14. Wilkinson, C. R. Status of Coral Reefs of the World (ed. Wilkinson, C. R.) 314–315; Australian Institute of Marine Science (2004).
 15. Moore, J. A. et al. Unprecedented mass bleaching and loss of coral across 12° of latitude in Western Australia in 2010–11. PLoS ONE 
7, e51807, doi:10.1371/journal.pone.0051807 (2012).
 16. Pearce, A. F. & Feng, M. The rise and fall of the “marine heat wave” off Western Australia during the summer of 2010/11. J. Mar. Syst. 
111–112, 139–156, doi:10.1016/j.jmarsys.2012.10.009 (2013).
 17. Depczynsk, M. et al. Bleaching, coral mortality and subsequent survivorship on a West Australian fringing reef. Coral Reefs. 32, 
233–238, doi:10.1007/s00338-012-0974-0 (2013).
 18. Kug, J. S., An, S. I., Jin, F. F. & Kang, I. S. Preconditions for El Nino and La Nina onsets and their relation to the Indian Ocean. 
Geophys. Res. Lett. 32, L05706, doi:10.1029/2004GL021674 (2005).
 19. Luo, J. J. et al. Interaction between El Niño and extreme Indian Ocean Dipole. J. Clim. 23, 726–742, doi:10.1175/2009JCLI3104.1 
(2010).
 20. Marshall, A. G. & Hendon, H. H. Impacts of the MJO in the Indian Ocean and on the Western Australian coast. Clim. Dyn. 42, 
579–595, doi:10.1007/s00382-012-1643-2 (2014).
 21. Feng, M., McPhaden, M. J. & Lee, T. Decadal variability of the Pacific subtropical cells and their influence on the southeast Indian 
Ocean. Geophys. Res. Lett. 37, L09606–n/a, doi:10.1029/2010GL042796 (2010).
 22. Feng, M. et al. Decadal increase in Ningaloo Niño since the late 1990s. Geophys. Res. Lett. 42, 104–112, doi:10.1002/2014GL062509 
(2015).
 23. Han, W. et al. Indian Ocean decadal variability: A review. B. Am. Meteorol. Soc. 95, 1679–1703, doi:10.1175/BAMS-D-13-00028.1 
(2014).
 24. Hobbs, J. P. A. & McDonald, C. A. Increased seawater temperature and decreased dissolved oxygen triggers fish kill at the Cocos 
(Keeling) Islands, Indian Ocean. J. Fish. Biol. 77, 1219–1229, doi:10.1111/j.1095-8649.2010.02726.x (2010).
 25. Richards, Z. T. & Hobbs, J. P. A. The status of hard coral diversity at Christmas Island and Cocos (Keeling) Islands. Raff. Bull. Zool. 
30, 376–398 (2014).
www.nature.com/scientificreports/
9Scientific RepoRts | 7: 2443  | DOI:10.1038/s41598-017-02688-y
 26. Feng, M., McPhaden, M. J., Xie, S. & Hafner, J. La Niña forces unprecedented Leeuwin Current warming in 2011. Sci. Rep. 3, 1277, 
doi:10.1038/srep01277 (2013).
 27. Marshall, A. G., Hendon, H. H., Feng, M. & Schiller, A. Initiation and amplification of the Ningaloo Niño. Clim. Dyn. 45, 2367–2385, 
doi:10.1007/s00382-015-2477-5 (2015).
 28. Kataoka, T., Tozuka, T., Behera, S. & Yamagata, T. On the Ningaloo Niño/Niña. Clim. Dyn 43, 1463–1482, doi:10.1007/s00382-013-
1961-z (2014).
 29. Du, Y. & Qu, T. D. Interannual variability of sea surface temperature off Java and Sumatra in a global GCM. J. Clim. 21, 2451–2465, 
doi:10.1175/2007JCLI1753.1 (2008).
 30. Salinger, J. et al. Decadal-scale forecasting of climate drivers for marine applications. Adv. Mar. Biol. 74, 1–68, doi:10.1016/
bs.amb.2016.04.002 (2016).
 31. Ashok, K., Behera, S. K., Rao, S. A., Weng, H. Y. & Yamagata, T. El Niño Modoki and its possible teleconnection. J. Geophys. Res. 112, 
C11007, doi:10.1029/2006JC003798 (2007).
 32. Kao, H. Y. & Yu, J. Y. Contrasting eastern-Pacific and central-Pacific types of ENSO. J. Clim. 22, 615–632, doi:10.1175/2008JCLI2309.1 
(2009).
 33. Klein, S. A., Soden, B. J. & Lau, N. C. Remote sea surface temperature variations during ENSO: Evidence for a tropical atmospheric 
bridge. J. Clim. 12, 917–932, doi:10.1175/1520-0442 (1999).
 34. Han, W. Q. et al. Intensification of decadal and multi-decadal sea level variability in the western tropical Pacific during recent 
decades. Clim. Dyn. 43, 1357–1379, doi:10.1007/s00382-013-1951-1 (2013).
 35. Hobday, A. J. et al. A hierarchical approach to defining marine heatwaves. Prog. Oceanogr. 141, 227–238, doi:10.1016/j.
pocean.2015.12.014 (2016).
 36. Liu, G., Strong, A. E. & Skirving, W. Remote sensing of sea surface temperature during 2002 Barrier Reef coral bleaching. Eos 84, 
137–144, doi:10.1029/2003EO150001 (2003).
 37. Doi, T., Behera, S. K. & Yamagata, T. Predictability of the Ningaloo Niño/Niña. Sci. Rep 3, 2892, doi:10.1038/srep02892 (2013).
 38. Kajikawa, Y., Wang, B. & Yang, J. A multi-time scale Australian monsoon index. Int. J. Climatol. 30, 1114–1120, doi:10.1002/joc.1955 
(2010).
 39. Wang, B., Wu, R. & Li, T. Atmosphere-warm ocean interaction and its impacts on Asian-Australian monsoon variation. J. Clim. 16, 
1195–1211, doi:10.1175/1520-0442 (2003).
 40. Hendon, H. H. & Liebmann, B. A composite study of onset of the Australian summer monsoon. J. Atmos. Sci. 47, 2227–2240, 
doi:10.1175/1520-0469 (1990).
 41. Pearce, A. F. & Phillips, B. F. ENSO events, the Leeuwin Current and larval recruitment of the western rock lobster. J. Cons. Int. 
Explor. Mer. 45, 13–21, doi:10.1093/icesjms/45.1.13 (1988).
 42. Hoell, A. & Funk, C. The ENSO-related West Pacific sea surface temperature gradient. J. Clim. 26, 9545–9562, doi:10.1175/
JCLI-D-12-00344.1 (2013).
 43. Tozuka, T., Kataoka, T. & Yamagata, T. Locally and remotely forced atmospheric circulation anomalies of Ningaloo Niño/Niña. Clim. 
Dyn. 43, 2197–2205, doi:10.1007/s00382-013-2044-x (2014).
 44. Wheeler, M. C., Hendon, H. H., Cleland, S., Meinke, H. & Donald, A. Impacts of the Madden-Julian Oscillation on Australian 
rainfall and circulation. J. Clim. 22, 1482–1498, doi:10.1175/2008JCLI2595.1 (2009).
 45. Cai, W. J. et al. Increasing frequency of extreme El Niño events due to greenhouse warming. Nat. Clim. Change. 4, 111–116, 
doi:10.1038/nclimate2100 (2014).
 46. Cai, W. J. et al. Increased frequency of extreme La Niña events under greenhouse warming. Nat. Clim. Change. 5, 132–137, 
doi:10.1038/nclimate2492 (2015).
 47. Cai, W. J. et al. ENSO and greenhouse warming. Nat. Clim. Change. 5, 849–859, doi:10.1038/nclimate2743 (2015).
 48. Slingo, J. M., Rowell, D. P., Sperber, K. R. & Nortley, F. On the predictability of the interannual behaviour of the Madden-Julian 
Oscillation and its relationship with El Niño. Q. J. R. Meteorol. Soc. 125, 583–609, doi:10.1002/qj.49712555411 (1999).
 49. Jones, C. & Carvalho, L. M. V. Will global warming modify the activity of the Madden-Julian Oscillation? Q. J. R. Meteorol. Soc. 137, 
544–552, doi:10.1002/qj.765 (2011).
 50. Behera, S. K., Luo, J. J., Masson, S., Rao, S. A. & Sakuma, H. A CGCM study on the interaction between IOD and ENSO. J. Clim. 19, 
1688–1705, doi:10.1175/JCLI3797.1 (2006).
 51. Du, Y., Cai, W. J. & Wu, Y. L. A new type of the Indian Ocean Dipole since the mid-1970s. J. Clim. 26, 959–972, doi:10.1175/
JCLI-D-12-00047.1 (2013).
 52. Lima, F. P. & Wethey, D. S. Three decades of high-resolution coastal sea surface temperatures reveal more than warming. Nat. 
Commun. 3, 704, doi:10.1038/ncomms1713 (2012).
 53. Zinke, J. et al. Corals record long-term Leeuwin Current variability during Ningaloo Niño/Niña since 1795. Nat. Commun. 5, 3607, 
doi:10.1038/ncomms4607 (2014).
 54. Predictive ocean atmosphere model for Australia http://poama.bom.gov.au/ocean_monitoring.shtml (Date of access: 21 December 
2016).
 55. Spillman, C. M. Operational real-time seasonal forecasts for coral reef management. J. Oper. Oceanogr. 4, 13–22, doi:10.1080/17558
76X.2011.11020119 (2011).
 56. Henley, B. J. et al. A tripole index for the interdecadal Pacific oscillation. Clim. Dyn. 45, 3077–3090, doi:10.1007/s00382-015-2525-1 
(2015).
 57. Wheeler, M. C. & Hendon, H. H. An all-season real-time multivariate MJO index: development of an index for monitoring and 
prediction. Mon. Wea. Re. 132, 1917–1932, doi:10.1175/1520-0493 (2004).
 58. Kanamitsu, M. et al. NCEP-DOE AMIP-II Reanalysis (R-2). Bull. Amer. Meteor. Soc. 83, 1631–1643, doi:10.1175/BAMS-83-11-1631 
(2002).
 59. Dee, D. P. et al. The ERA-Interim reanalysis: Configuration and performance of the data assimilation system. Q. J. R. Meteorol. Soc. 
137, 553–597, doi:10.1002/qj.828 (2011).
 60. Du, Y., Qu, T. D., Meyers, G., Masumoto, Y. & Sasaki, H. Seasonal heat budget in the mixed layer of the southeastern tropical Indian 
Ocean in a high-resolution ocean general circulation model. J. Geophys. Res. 110, C04012, doi:10.1029/2004JC002845 (2005).
Acknowledgements
This research is partly supported by the Western Australian Marine Science Institution, the Gorgon Barrow Island 
Net Conservation Benefits Fund, which is administered by the WA Department of Parks and Wildlife. Ningning 
Zhang is supported by the China Scholarship Council for her visit to CSIRO. J.Z. was supported by a Senior 
Research Fellowship at Curtin University and an Honorary Fellowship with Wits University. We would thank two 
anonymous reviewers for constructive comments.
Author Contributions
M.F. and J.Z. conceived the experiment(s), H.H. advised on the Australian monsoon analysis, and N.Z. conducted 
the analyses. N.Z., M.F., H.H., A.H., and J.Z. all contributed to the writing and reviewed the manuscript.
www.nature.com/scientificreports/
1 0Scientific RepoRts | 7: 2443  | DOI:10.1038/s41598-017-02688-y
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-02688-y
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
